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23
Lipid bilayers define cellular compartments, and thus life itself, yet our understanding 24 of the assembly and maintenance of these structures are limited. In Gram-negative bacteria, . We also detected higher PG/CL content in the psd2 strain at 42˚C, 133 and saw rapid conversion of these lipids to PE in both membranes at 30˚C (Fig. 3b) , at rates 134 comparable to what was previously reported (for PG) 32 . The fact that PS levels increase (Fig. 3c) , demonstrating a requirement for cellular energy 142 sources in this process 32 , and that conversion occurs in the IM. The observation of PG/CL 143 turnover in the IM is thus expected. The fact that we also observed the conversion of OM 144 PG/CL to PE points towards an intact retrograde PL transport pathway for these lipids in the 145 otherwise WT cells. Notably, turnover of OM PG/CL appears to be slightly faster than that of IM PG/CL (Fig. 3b) , suggesting that retrograde transport of these lipids may be coupled to 147 the turnover process.
148
We performed the same pulse-chase experiments with psd2 cells lacking TolA. We 149 detected PG/CL-to-PE conversion in the IM at rates comparable to WT ( Fig. 3d, f ; ~67% and 150 ~71% PG/CL turnover at 2 h-chase in ΔtolA and WT IMs, respectively (Fig. 4a) ), 151 demonstrating that there are functional PG/CL turnover pathways in the ΔtolA mutant. In 152 contrast, we observed substantial reduction of the turnover of OM PG/CL in these cells (Fig. 153 3d, f; ~53% PG/CL turnover at 2 h-chase in the ΔtolA OM, compared to ~79% for WT (Fig.   154 4a)), even though PS conversion to PE appears intact. These results indicate an apparent 155 defect in the movement of PG and CL (but not PS) from the OM back to the IM, which is 156 restored when complemented with functional tolA WT (Fig. 3e, f, Fig. 4a ). ΔtolR mutant cells exhibit the same defect, and can similarly be rescued by complementation with functional 158 tolR WT (Fig. 4a) . In contrast, no rescue was observed when ΔtolR was complemented using a OM due to defects in OMP assembly (Fig. 2) . Neither IM nor OM PG/CL turnover is affected 163 (Fig. 4a) Fig. 9 ), PE transport must also have been affected. We conclude that the Tol-Pal 168 complex is required for the retrograde transport of bulk PLs in E. coli.
169
Removing the Tol-Pal complex does not completely abolish retrograde PG/CL 170 transport, indicating that there are other systems involved in this process. The OmpC-Mla system is important for the maintenance of OM lipid asymmetry, and is proposed to do so via 172 retrograde PL transport 35, 36 . We showed that cells lacking MlaC, the periplasmic lipid 173 chaperone in the OmpC-Mla system, do not exhibit defects in OM PG/CL turnover (Fig. 4a) . Given the importance of the Tol-Pal complex in OM stability and bacterial cell 220 division, it would be an attractive target for small molecule inhibition. This is especially so in some organisms, including the opportunistic human pathogen Pseudomonas aeruginosa, 222 where the complex is essential for growth 49, 50 . 
Methods
421
Bacterial strains and growth conditions. All the strains used in this study are listed in Under these conditions, lipid mixing between inner and outer membranes is minimal 56 .
492
Unbroken cells were removed by centrifugation at 4,700 x g for 10 min. The cell lysate was collected, and 5.5 ml of cell lysate was layered on top of a two-step sucrose gradient and OM were expressed as a percentage of the sum in both membranes (see Fig. 2a upper Buffer A (5 ml), pelleted, lysed, and fractionated on sucrose density gradients, as described 535 above. 0.8-ml fractions were collected from each tube, as described above, and 50 μl from combined with S1 to get the combined supernatants (S3), which contained radiolabelled PLs.
549
To these, chloroform (0.65 ml) and methanol (0.65 ml) were added to convert them to two- isolated from the OMs.
559
To quantify LPS, the P2 pellets were suspended in 2X reducing SDS-PAGE loading 560 buffer (40 µl) and boiled for 10 min. Equal volumes (15 µl) were loaded and subjected to 561 SDS-PAGE (15% Tris.HCl). Gels were air-dried between porous films (Invitrogen) and 562 exposed to the same phosphor screen along with standards (GE healthcare). To generate a 563 standard curve for LPS quantification, the WT OM pellet sample was serially diluted two-
564
fold and equal volumes of diluted samples were resolved on SDS-PAGE and dried as above.
565
The densitometric analysis of bands (i.e. LPS from each OM) was carried out using and quantification, the LPS gels from triplicate experiments were exposed on the same (represented by gel band density), averaged across three independent replicates (see Extended
572
Data Fig. 5b, Fig. 2b upper panel) . The average PL/LPS ratio in the OM for each strain was 573 then compared to that for the WT strain to calculate fold changes (see Fig. 2b lower panel) . to the sum of these fractions was determined.
651
LPS was used as a marker for the OM and detected using LPS dot blots. OM fractions
652
were pooled together and 2 µl of the fractions were spotted on nitrocellulose membranes
653
(Bio-Rad). Spotted membranes were allowed to dry at room temperature for 1 h and then the 654 membranes were probed with antibodies against LPS.
655
.
656
SDS-PAGE and immunoblotting. All samples subjected to SDS-PAGE were mixed with 
